A key goal of ecology and evolution is to understand the relative contributions of environment and history in determining the geographic distribution of organisms. For the Neotropical lowlands, where temperatures are similar across landscapes, we hypothesize that water balance may be a critical but understudied factor in determining the distribution of species. Amphibians are especially sensitive to variation in precipitation due to their permeable skin. Here we focused on lowland frogs of northwestern South America and investigated variation among 17 species in potentially important ecologically relevant performance variables related to water balance, testing for possible adaptations to semiarid conditions within species. We studied frogs from coastal xeric, savannah, and wet forest biomes under common laboratory conditions and quantified rates of evaporative water loss, rates of water uptake, and variation in water-searching behavior and performance. We found significant differences in all three performance variables among species even after accounting for shared evolutionary history. A phylogenetic ANCOVA showed that categorizing species by ecological habit (terrestrial vs. arboreal) explained much of the ecoperformance trait variation among species. Secondarily, environment explained additional variation; for example, coastal xeric species showed reduced rates of water loss, and terrestrial savannah amphibians showed lower rates of water uptake. Conspecific frog populations from different biomes exhibited similar performance. We compare our results with previous studies and conclude that ecological habit is the principle factor that predicts ecophysiological trait variation and the possible geographic distribution of lowland Neotropical frogs.
Introduction
Many environmental factors can determine the distribution of species (Karr and Freemark 1983; Soberón and Nakamura 2009) . Among these, temperature and humidity have direct effects on the ecological performance of individuals, so that combinations of thermal regimes and water availability potentially constrain the habitat available to a given species (Grace 1987; Lillywhite and Navas 2006) . In this context, humidity includes all sources of available water, such as air or soil moisture, precipitation, and standing water. Specific adaptations to humidity depend on a species' natural history. Moisture gradients are known to drive the abundance and distribution of various lineages, and diversity generally declines as water becomes less available (Gaylard et al. 2003) . Examples include plants (Grace 1987) , birds (Smith et al. 2010) , nematodes (Kennedy 1993) , and, of course, amphibians (Scott 1976; Woinarski et al. 1999) , a group in which geographical correlations between species richness and humidity could be hypothesized given their permeable skin. Relatively few studies, however, have focused on elucidating the functional traits that may underlie the limits to species' distributions (Cid et al. 2010; de Oliveira and Diniz-Filho 2010) . Amphibians are particularly diverse in the wet tropical areas near the equator (Buckley and Jetz 2007) , but assemblages of anuran species exist in different semiarid environments around the world (McClanahan et al. 1994) . Furthermore, these amphibian assemblages may be divergent in their systematic composition and diverse in their natural history, and they may have adapted to semiarid conditions in multiple ways. Convergent adaptations-such as aestivation, for example-can involve fundamentally different physiological and ecological processes even when comparing syntopic species (Carvalho et al. 2010) .
Anurans in semiarid environments must maintain water balance, yet a permeable skin is a fundamental aspect of their natural history (Bentley 1966; Toledo and Jared 1993) . Therefore, water balance can be achieved through several ecological and physiological mechanisms that emphasize water uptake and water conservation (Lillywhite 2006; Titon et al. 2010) , two approaches to maintaining water balance that likely have promoted evolutionary diversity. An enhanced ability to extract water from moist soil, as opposed to standing water, may contribute to water balance in semiarid settings. Bentley (1966) reported the presence of pelvic patches of highly vascularized dermis around the ventral stomach and thigh areas that proved to be specialized areas enhancing water uptake (Roth 1973) . Conversely, some anurans have evolved physiological and anatomical characteristics that allow them to minimize water loss (Withers et al. 1984) , for example, via lipid secretion, a trait characterizing three genera of tree frog (Barbeau and Lillywhite 2005) . In addition, some anurans avoid exposure to dry conditions by adopting fossorial habits (Toledo and Jared 1993) , aestivating during the dry season (McClanahan et al. 1994) , or remaining linked to humid refugia using specialized behaviors that may involve the ability to detect water (Navas et al. 2002) . These diverse components of water balance are likely integrated and can be analyzed in the context of physiological attributes such as the water potential of plasma (Schmid 1965) , overall blood flow (Adolph 1933 (Adolph , 1934 , the presence of specialized skin patches (Braun 1951) , and the density and variety of aquaporin proteins (Hasegawa et al. 2003) . All of these variables may influence the total amount of liquid water that may be absorbed per unit of time (Bentley et al. 1958) as well as the ability to extract water from the substrate in terms of water potential (Ruibal et al. 1969) .
The purpose of this article is to enhance our understanding of the mechanisms allowing anurans to maintain water balance in semiarid environments and to integrate this information in the more general context of the geographic distribution of anurans. We contrast wet forest species with those from two Neotropical semiarid biomes of northwestern South America: the xeric coastal habitat (composed of seasonally dry tropical forests [Murphy and Lugo 1986] , gallery forests, and open areas) and the savannah (plains, or llanos). These two biomes display low rainfall and marked seasonality in precipitation relative to the (Amazonian) wet forest ( fig. 1; table A1 ). Neotropical wet forests are older than xeric habitats, which coalesced in the early Miocene (Graham 2012) , suggesting that the ancestors of frogs from semiarid environments were denizens of wet forest. We quantify and analyze relevant water-related performance variables in the context of the following three hypotheses and predictions concerning water balance: Figure 1 . Map of annual precipitation (millimeters of rainfall per year) in northwestern South America, with the Colombia border outlined in black. Symbols indicate collecting localities. Names, geographic coordinates, and environmental variables for each locality are given in table A1.
1. Water conservation hypothesis. Frogs survive in semiarid (xeric coastal and savannah) habitats by minimizing water loss. Relative to wet forest species, semiarid species should have lower rates of evaporative water loss (EWL) through the dorsal skin.
2. Water uptake efficiency hypothesis. Frogs can survive in semiarid habitats through increased efficiency in taking up water through their ventral drink patch. Relative to wet forest species, semiarid frogs should have enhanced ability to take up water (WU), including from standing water and from moist substrates.
3. Water-finding hypothesis. Frogs can survive in semiarid environments through an increased ability to locate sources of water. Relative to wet forest species, frogs from semiarid biomes should show an enhanced ability to find water (AFW) in an experimental setup.
We test these hypotheses in arboreal and terrestrial species under the hypothesis that arboreal frogs may display enhanced water conservation (lower EWL or higher WU), since living in trees and other vegetation exposes arboreal frogs to dehydrating winds and other drying conditions relative to frogs with terrestrial habits (Young et al. 2005) .
We collected performance data on 17 species of Colombian frogs (table 1) from 11 localities across our three biomes. We analyzed trait data under a phylogenetic framework and found that ecological habit (arboreal vs. terrestrial) is the principal factor that predicts variation in ecophysiological traits, with additional contribution from the type of habitat a species inhabits.
Methods

Ethical Considerations
All procedures were approved in September 2013 by the Institutional Committee on the Care and Use of Laboratory Animals (abbreviated CICUAL in Spanish) of the Universidad de los Andes, Bogotá. Study animals were handled in accordance with ethical guidelines for transportation, maintenance in captivity, and conducting experiments (Drummond 2009 ). Terraria were furnished with plants, water, and rocks for shelter. Frogs were fed crickets (Gryllus sp.), mealworms (Tenebrio molitor), and fruit flies ad lib. Captive study animals were not returned to the wild but were euthanized via an overdose of benzocaine anaesthesia applied to the skin (Leary et al. 2013) , and specimens were deposited in the Museo de Historia Natural ANDES (http://museo .uniandes.edu.co/), Universidad de los Andes, Bogotá.
Field Sampling and Captive Conditions
Our study included two terrestrial toad species of the family Bufonidae (genus Rhinella), four terrestrial and semifossorial species of "ditch frog" of the family Leptodactylidae (genus Leptodactylus), three species of monkey frog in the family Phyllomedusidae (genus Phyllomedusa), and 11 arboreal species in the tree frog family Hylidae, comprised of three species of small yellow tree frog (Dendropsophus spp.), three species of gladiator frog (Hypsiboas), one species of slender-legged tree frog (Osteocephalus planiceps), and one snouted tree frog (Scinax ruber). These species were selected because of their distribution and high local abundance. We obtained live animals from 11 localities (table A1) . Specimens were captured and transported to the Universidad de los Andes, Bogotá, in individual containers with water and vegetation.
Frogs were maintained in terraria in a heated room with a photoperiod of 0600 to 1730 hours. Temperature and humidity were recorded with data loggers. Temperature was set at 267C, with a maximum recorded temperature of 287C and a minimum of 247C. Relative humidity was maintained around 75%, with a (Navas and Gomes 2001) . To achieve comparable acclimation among individuals to captive conditions, we tested all specimens after 1 wk in captivity. We observed all individuals carefully, and we used for experiments only those individuals that did not show any signs of atypical behavior. This was the case for all but two species. Adults of Phyllomedusa bicolor showed signs of distress under captive conditions, so data are reported here only for juveniles. A fourth species of gladiator frog, Hypsiboas lanciformis, appeared to be sensitive to captive conditions, so no data on this species are reported here. In total, we measured 137 individuals representing 17 species, seven genera, and three families.
Phylogenetic and Comparative Methods
Analysis of interspecific variation in performance traits (see below) should take into account the possible nonindependence of trait values due to common ancestry (Felsenstein 1985) ; thus, we required a time-calibrated phylogenetic hypothesis. For each study species plus the outgroup, Elachistocleis ovalis (Microhylidae), we obtained DNA sequence data from two mitochondrial gene fragments, ribosomal 16S and the 5 0 end of cytochrome oxidase subunit I (COI, the "barcode of life"; table A2). Primers and polymerase chain reaction conditions followed Crawford et al. (2013) . Resulting sequences were assembled and trimmed using Sequencher (ver. 5.1; Gene Codes Corporation, Ann Arbor, MI). We used the software MUSCLE (ver. 3.7; Robert 2004 ) with default settings run on the web portal CIPRES (Miller et al. 2010) to align the 16S fragments. COI showed no length variation, and alignment was trivial after confirming amino acid translations in Mesquite (ver. 3.03; Maddison and Maddison 2015) . We generated a relaxed-clock consensus time tree using the program BEAST (Drummond et al. 2012 ) with a birth-death incomplete sampling prior on trees (Stadler 2009 ). As our goal was not to reevaluate previous phylogenetic or temporal hypotheses using our two mitochondrial genes, we a priori assumed the topology and node ages consistent with Gomez-Mestre et al. (2012) . The resulting time tree of our 17 species (removing the outgroup) was then assumed to be the true tree for performing phylogenetic size correction (Revell 2009 ) of dorsal surface area (for water loss analysis; see below) and ventral surface area (for water uptake analysis; see below) and for measuring phylogenetic signal using Blomberg's K (Blomberg et al. 2003) for traits related to finding water (see below), implemented in the R package phytools (Revell 2012) using R (ver. 3.2.0; R Core Team 2014) .
Evaporative Water Loss
Measures of EWL were based on the weight loss of hydrated frogs relative to agar replicas. Each agar model mimicked the size and shape of each species and size class of frog, thus providing a null model for free-water flux via the surface of each frog. Frogs showing an EWL rate lower than that of their agar counterpart suggests that the animal possesses some mechanism of reducing EWL relative to a free-water surface (Spotila and Berman 1976; Navas et al. 2002) . For each species, we created six molds (except for Phyllomedusa venusta and H. lanciformis, for which only four were available per species), representing the smallest and largest size classes available and four individuals representing intermediate sizes, from formalin-fixed museum specimens preserved close to the water conservation posture. To create molds that better mimic the water conservation posture, the forelimbs and hind limbs of the specimens were tied with string to bring the limbs in closer to the body. This protocol worked well for all species of frog except hylids, whose forelimbs were relative large and hard to bring in close enough to mimic a live frog. We found that hylid models with no forelimbs were more similar to live hylids in the water conservation position, which tuck their limbs remarkably close to their bodies. Specimens were made available to us by the Museo de Historia Natural ANDES, Universidad de los Andes, Bogotá. Each specimen was placed on a flat base surrounded by a border of modeling clay to form a square with edges 4 cm high. We poured liquid alginate and waited until the hardening process completed. The alginate template was flipped and the specimen removed, leaving the shape of the frog specimen within. The alginate mold was subsequently filled with liquid agar (3 g of agar in 500 mL of water) and removed once solid, thus providing an agar cast of the original frog (Navas and Araujo 2000) .
Because weight loss represents total EWL from the animal, we needed to calculate the surface area to obtain EWL per unit area. Some mass-to-area equations for anurans are available in the literature (e.g., McClanahan and Baldwin 1969) . However, our 17 study species varied widely in shape, from robust toads to slender monkey frogs. Thus, we opted for measuring dorsal surface area directly. We defined dorsal surface as the area of exposed skin when the frog is in the water conservation posture, including the head, body, and the proximal part of each limb (brachia). To obtain the surface area, we removed the dorsal skin and placed it between a flat base and a piece of glass. We then photographed the skin and used ImageJ (Schneider et al. 2012 ) to calculate its total area. We measured each skin five times and used the mean value for all analyses.
We quantified EWL in an environmentally controlled room (see "Field Sampling and Captive Conditions" above) and followed the protocols of Titon et al. (2010) with some minor modifications. Before measuring EWL, we hydrated frogs for 10 min in plastic cups containing 2 cm of water. We then removed frogs, blotted them with a paper towel, induced bladder discharge by applying light pressure on the frog's ventral abdomen (Navas et al. 2002; Viborg et al. 2006) , and measured initial body mass at 100% hydration. Next, we introduced the frog into its own wind tunnel and introduced the corresponding agar models based on the same species and of similar size (see above) into a separate wind tunnel. Most frogs were run simultaneously with their models, but in some cases we made models from the individual frog tested, in which case the EWL of the model was measured roughly 2 wk later. Airflow was maintained at a speed of 1.3 cm s onset of testing or until the individual lost 30% of its fully hydrated weight (one exception was the genus Leptodactylus, which we dehydrated only to 20%, as beyond this point the animals showed signs of distress). Because activity during tests can enhance water evaporation rates, data were recorded only from frogs that remained inactive and in the water conservation posture during the experiment or that limited their movements to small adjustments in posture (Christian et al. 2017) . If the frog changed location or orientation in the tunnel, the data were not included in our analyses. Including data from animals that made small changes in posture could increase the "noise" in our EWL measurements, and such error would make our task of detecting differences among species more difficult. Thus, if minor movements affected some EWL measurements, our statistical tests of among-species difference could be considered more conservative (lower type I error rate). For each individual frog or model, we calculated the rate of EWL from the slope of the curve of body mass per unit area against time (g min 21 cm
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). We tested for differences in the mean rate of EWL between frogs and agar models using a one-tailed randomization test with 1 million permutations.
We used phylogenetic comparative methods to explore whether variation in water balance variables was associated with habitat or ecological habits. We made a phylogenetic body size correction based on mass (Revell 2009 ) for EWL (and for water uptake rates; see below) using the package Phytools (Revell 2012) for the statistical analysis platform R (R Core Team 2014). As our EWL rates (and water uptake rates; see below) were already standardized by area, the phylogenetic size correction may reveal causes of interspecific trait variation apart from scaling factors (Revell 2009 ). The residuals were evaluated for normality and homogeneity of variance and used in a phylogenetic ANCOVA with type of habitat (wet forest, coastal xeric, or savannah) and ecological habit (arboreal vs. terrestrial) as categorical predictors. We refrained from analyzing habitat as a continuous variable (e.g., annual precipitation in millimeters) due to concerns about the lack of precise climatic data within poorly studied regions like the Colombian savannah, where weather stations are sparse to nonexistent. As our focus is on the challenge of water balance faced by adult frogs, we evaluated ecological habit, rather than reproductive mode or oviposition site, using the minimum number of unambiguous categories. We also compared rates of EWL (and water uptake rates, as defined below) among conspecific frog populations found in contrasting habitats (wet forest, coastal xeric, and savannah biomes) for three geographically widespread species, Hypsiboas crepitans, Leptodactylus fuscus, and Rhinella humboldti.
Water Uptake
Our estimate of water uptake was based on monitoring weight change in partially dehydrated frogs placed over a water source. To express this total value as a function of area, we required information on the ventral surface area of individual frogs, which we obtained by placing frogs on a glass surface, taking digital images of the ventral surface, calculating area using ImageJ, and repeating this protocol five times. The forelimbs and feet were not included in this measurement. We then used the mean ventral area for all analyses. We measured water uptake in two types of trials. First, the maximum rate of standing water (1-2 cm depth) extracted per unit of time (WU) would correspond to, for example, an arboreal frog taking up rainwater from a bromeliad. Second, we measured the ability to uptake water from a moist paper towel (WUMT), which would correspond to, for example, a terrestrial frog extracting water from moist soil. Thus, we predicted these two performance measures would vary according to ecological habit (arboreal vs. terrestrial). Specifically, we expected terrestrial species to display similar values under both trials, whereas arboreal species would perform poorly in WUMT trials. The WU and EWL experiments (see above) occurred in sequence, so that the initial dehydration state for WU was the end point of the EWL test. WU and WUMT tests started with blotting the frog with a paper towel to remove any remaining excess water and then weighing it. To measure WU, we placed frogs in a pan with pure water 2 cm deep and then weighed frogs after 2, 5, 8, and 12 min, in sequence. WUMT was measured similarly, except a damp paper towel was the only source of water. All experiments took place in a room with controlled temperature and relative humidity (see "Field Sampling and Captive Conditions" above). We calculated WU and WUMT rates from the slope of the increasing body mass per unit area over time (g min 21 cm
22
) for each individual. Area was calculated as ventral surface area (see above) assuming that absorption rates through nonventral surfaces are negligible relative to the ventral surface (McClanahan and Baldwin 1969) . To test the null hypothesis that the difference between rates of WU and WUMT were zero within each species, we performed a randomization test with 1 million permutations. The species Leptodactylus colombiensis and O. planiceps lacked data on WUMT.
To explore whether the difference in WUMT and WU within species was related to habitat (wet forest, coastal xeric, or savannah) and ecological habit (terrestrial or arboreal), we created a new variable called the difference in water uptake (DWU) as the difference in phylogenetically size-corrected (see above) variables WU and WUMT. Subsequent statistical and comparative phylogenetic analyses were performed as with EWL rates.
Whatever anatomical or physiological adaptations prevent water loss dorsally could, in theory, have correlated effects than impede water uptake ventrally. This hypothesis predicts a tradeoff between EWL and WU, that is, a positive correlation between rates of dorsal water loss and ventral water uptake. We evaluated this prediction via the correlation coefficient between phylogenetic residuals of EWL and DWU.
Ability to Find Water
To assess whether amphibians from semiarid biomes and the wet biome possess different abilities to find water, we followed the experimental design and protocols in Maia (2014) . We conducted the following behavioral trials on 89 frogs representing 10 species. The experiments took place in an environmentally controlled room (see "Field Sampling and Captive Conditions" above). We tested partially dehydrated frogs to insure they were motivated to find water. Dehydration was limited to a decrease of 5% in the frog's fully hydrated body mass, as greater dehydration may negatively affect their locomotion (Titon et al. 2010) . A labyrinth was made of Plexiglas and shaped like an eightarmed asterisk, with walls 10 cm high and a central arena 35 cm in diameter from which the eight arms radiated outward, with each arm being 13 cm long and 10 cm wide. Before each test, we placed 5 # 5-cm pieces of wadded paper towel at the end of each arm and randomly selected one to be previously soaked in water. On the basis of Maia (2014), we quantified two variables, "time to find water," measured in seconds from starting the experiment to reaching the one moistened paper towel, and "number of arms visited before finding water." For each test, a frog was introduced into the middle of the central arena with an arbitrary initial orientation. We started the experiment at 1800 hours and filmed for 5 h with an infrared Bell and Howell camcorder located 1.60 m above the arena. In the morning, we also noted in which arm the frog was resting.
We used Blomberg's K (Blomberg et al. 2003) to test for phylogenetic signal in "time to find water" and "number of arms visited before finding water." Because of their small size and the limited sensitivity of our infrared video, we could not digitally record species in three hylid genera: Dendropsophus (D. microcephalus, D. mathiassoni, D. leali), Phyllomedusa (P. hypochondrialis, P. bicolor [juveniles]), or Scinax (S. ruber).
To test the null hypothesis that frogs possessed no ability to detect water, we performed two statistical tests. First, we applied a simple binomial test assuming a probability of success of 1/8 (given that the arena had eight arms). Second, we tested for significant variation in AFW within the genera Hypsiboas, Rhinella, and Leptodactylus using ANCOVAs. We performed one ANCOVA for each genus, using species and number of arms as independent variables and "time to find water" as the dependent variable.
Results
Summaries of raw ecophysiological performance data by species, along with data on body mass, surface area, and phylogenetically corrected performance and morphological data, are available in the Dryad Digital Repository (http://dx.doi.org/10.5061 /dryad.jm838; Cruz-Piedrahita et al. 2017).
Evaporative Water Loss
EWL rates did not differ significantly between frogs and models in the arboreal species (hylids) Dendropsophus leali, Hypsiboas lanciformis, Osteocephalus planiceps, Phyllomedusa bicolor, and Scinax ruber or in the terrestrial species Leptodactylus colombiensis, Leptodactylus petersii, Leptodactylus fuscus, Rhinella humboldti, and Rhinella margaritifera (one-tailed randomization test: P > 0:05 in all cases; fig. 2 ). Frogs displayed lower rates of EWL than their models in the arboreal species Dendropsophus mathiassoni, Dendropsophus microcephalus, Hypsiboas crepitans, Hypsiboas pugnax, Phyllomedusa hypochondrialis, and Phyllomedusa venusta and in the terrestrial species Leptodactylus poecilochilus (one-tailed randomization test: P < 0:05 in all cases; fig. 2) .
Analysis of phylogenetically size-corrected EWL rates showed that ecological habit (arboreal vs. terrestrial species) is the factor that best explained variation among species (ANCOVA: df p 1, F p 12:11, P < 0:0001, n p 137, number of species p 17; fig. 3 ). The next most important term was the interaction between ecological habit and habitat (coastal xeric biome, savannah, and wet forest), but this was nonsignificant at the a p 0:05 level (ANCOVA: df p 2, F p 2:58, P p 0:079, n p 137, number of species p 17). We found significant variation in the rate of EWL among species within the genera Hypsiboas (ANOVA: df p 2, F p 12:11, P < 0:0001, n p 18, number of species p 3) and Leptodactylus (ANOVA: df p 3, F p 14:57 , P < 0:0001, n p 29, number of species p 4). We also found significant variation in the rate of EWL among species and among types of habitat within Phyllomedusa (ANOVA: df p 2, F p 97:14, P < 0:0001, n p 11, number of species p 3). We did not find significant differences among conspecific populations of H. crepitans, L. fuscus, and R. humboldti located in distinct biomes (wet forest, coastal xeric habitat, and savannah).
Water Uptake
We found that five of six terrestrial species absorbed water at similar rates from standing water (WU) compared with a moist paper towel (WUMT; P > 0:05); the exception was L. petersii, which showed a higher WU rate (one-tailed randomization test: P p 0:004, n p 6; fig. 4 ). In contrast, 8 of 11 arboreal species showed faster WU than WUMT rates (one-tailed randomization test: P < 0:05 for all), with the three exceptions being D. microcephalus (one-tailed randomization test: P p 0:308, n p 6) and P. venusta (one-tailed randomization test: P p 0:257, n p 3) from the coastal xeric habitat and D. mathiassoni from the savannah (one-tailed randomization test: P p 0:2974, n p 3). All subsequent analyses were performed on the phylogenetically sizecorrected differences in water uptake values (DWU; see "Methods"). Ecological habit (terrestrial vs. arboreal) was the factor that best explained among-species variation in the DWU rate (AN-COVA: df p 1, F p 7:34, P p 0:008, n p 133, number of species p 15; fig. 5 ). We found significant differences in DWU among species of the genus Dendropsophus (ANOVA: df p 2, F p 4:71, P p 0:025, n p 19, number of species p 3) and of the genus Phyllomedusa (ANOVA: df p 2, F p 4:67, P p 0:045, n p 9, number of species p 3); in both cases, the coastal xeric species showed a DWU closer to zero compared with savannah and wet forest species. We found a significant difference in the DWU rate among populations within the arboreal H. crepitans (ANOVA: df p 2, F p 7:77, P p 0:005, n p 18, number of populations p 3); that is, H. crepitans from semiarid sites had lower residuals, implying they were equally efficient at WU and WUMT, similar to terrestrial frogs. Finally, we found that the phylogenetic residuals for EWL and DWU were positively related (Pearson's correlation: df p 13, P p 0:038, R 2 p 0:255), as predicted by the trade-off hypothesis.
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Ability to Find Water
In the AFW trials, frogs clearly did not end up in a random arm of the arena (binomial test: X p 87, n p 92, estimated probability of success p p 0:884, P < 0:0001) but tended to find the arm with the water (wet paper towel) after exploring the labyrinth to diverse extents. We found relatively low phylogenetic signal for "time to find water" (Blomberg's K p 0:3649) and "number of arms visited before finding water" (Blomberg's K p 0:4918). The average elapsed time before frogs found the water was significantly correlated with habitat (phylogenetic ANOVA: df p 2, F p 5:71, P p 0:005, n p 92) and with life history (phylogenetic ANOVA: df p 1, F p 4:44, P p 0:038, n p 92), such that frogs from semiarid environments found water more quickly than their wet counterparts and terrestrial species found water more quickly than arboreal species ( fig. 6 ). For the variable "number of arms visited before finding water," life history was the only significant factor (ANOVA: df p 1, F p 22:19 , P < 0:0001, n p 92): arboreal species tended to visit fewer arms than terrestrial ones ( fig. 7) .
Discussion
We explored variation in potential adaptations to semiarid environments among 17 species of lowland South American frogs. Our goals were first to establish whether there was variation among species in three ecophysiological traits relevant to water balance (EWL, WU, and AFW) and second to investigate whether variation among species in these traits was predictable from taxonomy, ecological habit (arboreal vs. terrestrial), or habitat (coastal xeric habitats, wet forest, and savannah) of each species or population. Our overarching question was whether any of these three characteristics reflect an adaptive signal to overcoming the hydric challenges of surviving in dry environments from the perspective of our three dimensions of the water balance process. To answer this question, we compared the ability of species from contrasting biomes to avoid water loss, to absorb water, and to find water. Certainly, other physiological or behavioral adaptations could also play an important role in surviving in semiarid habitats. Looking at only these three ecoperformance variables, however, we found wide variation among species along with clear patterns in terms of life history and environment, even after taking into account their shared evolutionary histories. Each ecophysiological trait reveals clues about potential adaptations to semiarid conditions, and together they begin to provide a richer understanding of how the hydric biology of tropical frogs may interact with environmental variables in determining species' distributions. 22 ) for 17 anuran species versus their corresponding agar models: Leptodactylus colombiensis (n p 3), Leptodactylus petersii (n p 6), Leptodactylus fuscus (n p 15), Leptodactylus poecilochilus (n p 6), Rhinella humboldti (n p 26), R. margaritifera (n p 6), Hypsiboas crepitans (n p 20), Hypsiboas lanciformis (n p 4), Hypsiboas pugnax (n p 6), Dendropsophus leali (n p 8), Dendropsophus mathiassoni (n p 6), Dendropsophus microcephalus (n p 5), Phyllomedusa bicolor (n p 4), Phyllomedusa hypochondrialis (n p 4), Phyllomedusa venusta (n p 3), Osteocephalus planiceps (n p 6), and Scinax ruber (n p 6). Each EWL measurement compares one frog against one agar model of approximately the same size and shape (see "Methods" for details). Species are organized by ecological habit with terrestrial frogs on the left and arboreal frogs on the right. The fill of each bar indicates the type of environment in which the species was collected, where "dry forest" refers to coastal xeric habitat and "generalist" means that the species was collected in both savannah and coastal xeric habitats.
Water Conservation Hypothesis
Our findings reveal that life history predicts much of the variation in rates of EWL, even more so than habitat type. Previous work has suggested that species with arboreal habits generally have lower rates of EWL relative to terrestrial or semifossorial species (Wygoda 1984; Young et al. 2005; Titon and Gomes 2015) . Our results support this trend, as five of the six terrestrial species showed EWL rates that were statistically indistinguishable from that of their paired agar models ( fig. 2) , while six of the 11 species with arboreal habits had significantly lower EWL than their agar models. This enhanced ability to retain water is likely associated with the windy and drying conditions of canopy environments frequented by arboreal species (Scheffers et al. 2013a (Scheffers et al. , 2013b . Thus, even relatively small hylid frogs, such as species of Dendropsophus, possess comparatively lower rates of water loss despite their high area-to-volume ratio. The five remaining arboreal species that showed no apparent adaptations to resist water loss were all from wet habitats, such as the Amazonian forest ( fig. 2) .
After accounting for life-history variation, we find that habitat may still play a role in explaining rates of EWL, especially among arboreal species (fig. 3) . Congeneric species tend to have similar rates of EWL; hence, the importance of a phylogenetic size correction before conducting among-species comparisons (Garland et al. 1993; Revell 2009 ). Our data show that all species that inhabit coastal xeric and savannah habitats have a lower EWL rate than their congeners found in humid forest. These results support our first hypothesis that water conservation is an important factor in colonizing or surviving in semiarid Neotropical environments, although the effect of habitat is secondary to lifehistory considerations.
In this study, we used agar models as a null model of freewater evaporation to provide a common point of reference for comparison among frog species despite potential variation in physicochemical contexts among laboratory experiments. This approach requires two cautions: (1) agar models are not expected to display physicochemical properties identical to those of frogs and (2) shape identity with frogs is necessary, yet making agar models match perfectly real frogs in the water-conserving posture is challenging, especially for the forelimbs. Furthermore, frogs do have various physiological mechanisms to regulate water balance, and those influence water evaporation rates and perceived resistance, particularly in association with temperature regulation (Lillywhite 2006) . Riddell et al. (2017) criticized the use of agar models for estimating EWL, preferring biophysical calculations of skin resistance to water loss. Christian et al. (2017) argued, however, that the results of Riddell et al. (2017) could potentially be explained by experimental error while also emphasizing the importance of measuring EWL from inactive amphibians. We assume that individual physiological adjustments are not accounted for by any such methods and use agar models under the reasonable assertion that slight variations in agar size or shape or minor modifications in posture are unlikely to severely affect measurements of EWL (Christian et al. 2017) . However, significant changes in posture during the performance trial could compromise an experiment by overestimating water evaporation (Christian et al. 2017) . In the present study, the size and shape of agar models were matched reasonably well to frogs, and movements were closely monitored during experiments. In this study, such minor sources of measurement error could not be eliminated completely, but our results should be interpreted not as an attempt to make precision estimates of resistance to water loss but as a valuable tool for revealing interpopulation and interspecific differences in EWL.
The development of strategies such as the water conservation posture (Prates and Navas 2009), coossified skin (Jørgensen 1997) , or specialized glands in the skin (Barbeau and Lillywhite 2005) may result from environmental pressure related to the lack of water in semiarid environments (Bentley 1966) . Despite the fact that all semiarid environment species have lower evaporative rates that wet forest species of the same genus, almost all terrestrial species lose water at higher rates; thus, life history is a key factor when comparing across all frogs. The only terrestrial species that showed enhanced resistance to EWL was Leptodactylus poecilochilus, which is endemic to the coastal xeric biome, suggesting that reduced EWL through the dorsal skin is likely an adaptive trait in this species ( fig. 2) . For the rest of the terrestrial species, other strategies-such as water uptake (Titon et al. 2010 ) among anuran species (n p 137 individuals) partitioned by ecological habit (terrestrial vs. arboreal habits) and habitat (populations found in coastal xeric ["dry"], savannah, or wet forest). Ecological habit significantly affects the rate of EWL (ANCOVA: F p 12:11, df p 1, P < 0:0001, n p 137, number of species p 17), with terrestrial species losing water faster than arboreal species. The interaction between ecological habit (arboreal vs. terrestrial) and habitat (coastal xeric biome, savannah, or wet forest) was nonsignificant at the a p 0:05 level (P p 0:0793), as was habitat (P > 0:1).
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Lower EWL rates in arboreal species relative to terrestrial species may have been an exaptation that originally evolved as a response to the extreme drying conditions of the forest canopy and subsequently allowed some hylid frogs to colonize xeric environments, such as seasonally dry tropical forests (Scheffers et al. 2013a (Scheffers et al. , 2013b (Scheffers et al. , 2014 . Hylids are far more diverse in the Amazonian wet forest (Duellman 1999) , however, which suggests that additional ecophysiological factors may exclude some arboreal frogs from semiarid habitats (e.g., hylids performed relatively poorly in water uptake; see below). Thus, reduced rates of EWL per unit area (figs. 2, 3) may be an adaptation to xeric environments. If so, dorsal water loss could be a limiting factor in determining species' range limits that drive, in part, larger biogeographic patterns.
Two species showed an opposite pattern from our predictions and the general trends observed. First, we found that juveniles of Phyllomedusa bicolor lose water at the same rate as their model ( fig. 2) , which is surprising since members of this genus are remarkable for their wax-producing glands that minimize EWL dorsally. Perhaps P. bicolor is an interesting exception, or perhaps juvenile Phyllomedusa lack functional xeric glands. Ontogenetic changes in ecoperformance variables constitute and important avenue of further research, as all life stages need to survive, of course, in any given environment. Second, we found that the arboreal habitat generalist Scinax ruber losses water at the same rate as its agar model. This species occurs in all three biomes studied here yet was the only generalist species to lose water at the same rate as the model. However, all individuals tested here were collected in the Amazonian wet forest locality of Leticia (table A1) , and genetic evidence suggests that this ostensibly widespread taxon is actually a complex of species (Guarnizo et al. 2015) . Therefore, a second challenge going forward would be obtaining ecoperformance data from more localities within more nominal species. An additional factor that could affect our results is seasonal variation in performance; for example, EWL rates are known to vary between wet and dry seasons in the African reed frog Hyperolius viridiflavus (Kobelt and Linsenmair 1986) .
Water Uptake Efficiency Hypothesis
In general, terrestrial species show better water-absorbing performance than arboreal species (figs. 4, 5). Beuchat et al. (1984) reported that terrestrial species are generally better at absorbing water than species with aquatic habits, although a comparison between terrestrial and arboreal species has not been reported Figure 4 . Difference in water uptake (DWU) rates between performance trials involving standing water (WU; g min 21 cm 22 ) versus a moist paper towel (WUMT; g min 21 cm 22 ) for 15 anuran species: Leptodactylus petersii (n p 6), Leptodactylus fuscus (n p 15), Leptodactylus poecilochilus (n p 6), Rhinella humboldti (n p 26), Rhinella margaritifera (n p 9), Hypsiboas crepitans (n p 20), Hypsiboas lanciformis (n p 4), Hypsiboas pugnax (n p 6), Dendropsophus leali (n p 8), Dendropsophus mathiassoni (n p 6), Dendropsophus microcephalus (n p 5), Phyllomedusa bicolor (n p 4), Phyllomedusa hypochondrialis (n p 4), Phyllomedusa venusta (n p 3), and Scinax ruber (n p 6). DWU p WU 2 WUMT. Species are organized by ecological habit, with terrestrial frogs on the left and arboreal frogs on the right. The fill of each bar indicates the type of environment in which the species was collected, where "dry forest" refers to coastal xeric habitat and "generalist" means the species was collected in both savannah and coastal xeric habitats.
748 C. Cruz-Piedrahita, C. A. Navas, and A. J. Crawford previously in literature. However, two species of the arboreal genus Hypsiboas, H. crepitans and H. pugnax, that are endemic to coastal xeric and savannah habitats show rates of water uptake similar to those of terrestrial species. Five of the six terrestrial species can absorb water from a moist surface as quickly as from standing water, which we interpret as evidence of an adaptation to obtaining water via uptake from humid substrates. Toads in particular have long been noted for their ability to extract water from moist substrates, for example, toads of the southern part of Lake Michigan absorbing water from moist sand (Stille 1952; McClanahan and Baldwin 1969) . Titon and Gomes (2015) report the presence of a more vascularized area in the ventral region of toads from semiarid habitats in Brazil, suggesting that this may be a morphological adaptation for increasing blood flow to the inguinal patch and thereby taking up more water. For most arboreal species, the rate of water absorption from a moist towel (WUMT) drops considerably relative to that from standing water (WU), with three notable exceptions to this trend: Phyllomedusa venusta, Dendropsophus microcephalus, and Dendropsophus mathiassoni. The first two are endemic to coastal xeric environments, while the latter is endemic to the savannah. While most arboreal species appear to rely on water conservation, we hypothesize that for these three arboreal species the enhanced ability to take water from a moist surface is an additional adaptation to the harsh, semiarid conditions in which they live.
Comparing across species, we found that the phylogenetic residuals for DWU and EWL were positively correlated, suggesting the existence of a trade-off between ventral uptake (DWU) and dorsal loss (EWL). While the dorsal and ventral skin are known to have distinctive gross morphologies, their basic ultrastructural components are the same (GoniakowskaWitalińska and Kubiczek 1998). We hypothesize that there may be developmental or physiological constraints preventing the simultaneous evolution of less permeable skin dorsally and more permeable skin ventrally, and this trade-off can be observed in a comparative context. Per our trade-off hypothesis, avoiding water loss-for example, as in hylid frogs (Wygoda 1984; Young et al. 2005) -would come at a cost of reduced WU efficiency, perhaps requiring standing water in order to rehydrate. In contrast, toads (Rhinella) showed the highest WU and WUMT rates, a likely adaptation to terrestrial, xeric environments (Viborg et al. 2006 ), but toads also showed EWL rates that were among the highest ( fig. 2) , supporting the trade-off hypothesis. We found that leptodactylids can also absorb water well from either type of surface and also have high EWL rates (comparable to their agar models, except for the coastal xeric endemic L. poecilochilus; fig. 2 ). The xeric arboreal species H. crepitans and H. pugnax showed high rates of WU but performed poorly in the WUMT trials. The difference between these two performance traits should indicate that while these species may inhabit dry environments, their distribution within these habitats may be restricted to sites with access to standing water.
Looking at within-species variation, conspecific populations of the terrestrial species Rhinella humboldti and Leptodactylus fuscus from wet environments absorbed water more slowly than Figure 5 . Phylogenetic residuals of differences in water uptake (DWU) rates (g min 21 cm
22
) among 15 South American frog species, according to ecological habit (terrestrial or arboreal life history) and habitat (coastal xeric biome, savannah, or wet forest). Ecological habit significantly predicts the rate of water uptake minus water uptake from a paper towel (ANCOVA: df p 1, F p 7:34, P p 0:008, n p 133, number of species p 15). Arboreal species tend to have positive DWU because the rate of absorption in standing water is higher than uptake rates from a moist paper towel. Figure 6 . Average time elapsed for individuals (n p 92) to find water (min) according to habitat (coastal xeric biome, savannah, or wet forest) and ecological habit (arboreal vs. terrestrial life history). The average elapsed time was significantly correlated with habitat (ANOVA: P p 0:005) and ecological habit (ANCOVA: P p 0:038).
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Water-Finding Hypothesis (AFW)
The phylogenetic signal was weaker for traits related to detecting water, elapsed time, and number of arms visited relative to EWL and WU measures. As in the case of EWL and WU, AFW is explained primarily by the ecological habits of the species and secondarily by the type of habitat. For this trait, two contrasting strategies are observed. Terrestrial species (with the one exception of the wet-forest toad Rhinella margaritifera) visited several arms in a short period of time, while arboreal species (with the one exception of the Amazonian hylid Osteocephalus planiceps) waited a long time in the center of the radial design before moving, and they visited fewer arms (between one and three arms before reaching water). Arboreal species may be more efficient at finding water, investing less energy despite requiring more time. We saw during our field trips that individuals with terrestrial habits were found during the dry season in patches of moist soil, suggesting that these species may sense water, although finding water may be the result of random search behavior. Frogs have at least two olfactory systems (Nowack 2011) and could potentially smell compounds associated with bodies of water. Toads in particular might sense humidity gradients using receptors located in their ventral skin, and further experiments could test this hypothesis. We note, however, that our experimental chamber contained only clean water and no humidity gradient.
Conclusions
We observed that maintaining, absorbing, and finding water are potentially important adaptations in the colonization and survival of frogs in xeric habitats. Perhaps the strongest signal for the importance of habitat came from our EWL experiments. Among our 11 arboreal species, for example, only those six species native to semiarid habitats showed significantly lower EWL than their agar models, whereas the five Amazonian species showed none. We found that water uptake rates may be an important factor in determining the presence of species in xeric habitats, but the relationship is less clear. Among five terrestrial species, only the Amazonian Leptodactylus petersi apparently needs liquid water to hydrate properly. Among 10 arboreal species, the only three species that absorbed water at similar rates in both trials (standing water and moist towel) were xeric habitat species. However, an additional three xeric species showed higher uptake rates in standing water (WU), highlighting a diversity of responses among species to a common environmental challenge. Arboreal frogs are able to maintain water (low EWL), are generally better at absorbing water from a standing source, and are perhaps better at detecting water. Terrestrial frogs do not resist water loss as well but seem adapted for faster water uptake, and they perhaps find water by scanning the substrate following a moisture gradient, although we were not able to further test this latter hypothesis. While some species showed intraspecific variation in performance traits in the direction predicted by habitat, more detailed studies are called for.
Considering recent concerns about the effect of global climate change on the distribution and survival of natural populations, we find that hydric biology has received little attention relative to thermal biology (but see, e.g., Tracy et al. 2014; Titon and Gomes 2015) . Global average temperatures are increasing, although some uncertainty exists as to how fast it will increase in which environments. In contrast, global precipitation may change in drastic yet difficult-to-predict ways, due to spatially heterogeneous responses across the globe-that is, some regions may experience marked aridification or increased seasonality in precipitation, while other areas may experience increased rainfall or extreme weather events. Plans to mitigate the effects of changes in rainfall on animal populations will require a deeper understanding of hydric biology, especially concerning how animals may adapt-or fail to adapt-to semiarid conditions. This preliminary study of potential adaptations in South American frogs to improve water balance under xeric conditions has revealed a variety of contrasting strategies among species, not fully predictable from their phylogenetic relationships. This study has also revealed some significant patterns, however, that will help inform predictions of how tropical frogs may respond to impending global changes in rainfall patterns.
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a Restrepo, Meta, is a montane foothills site near the savannah that has high precipitation and whose fauna contains Amazonian influences; thus, we code this site as "wet forest" along with Leticia, Amazonas. 
